Prostate cancer is currently the most commonly diagnosed noncutaneous malignancy in American men. When metastatic, usually to the bone, the disease is no longer curable and is usually treated palliatively with androgen ablation. However, after conversion to androgen-independent disease, there is no effective therapy currently available. The "T body" approach, which uses genetically reprogrammed lymphocytes derived from the patient and expressing chimeric receptor genes, combines the effector functions of T lymphocytes and NK cells with the ability of antibodies to recognize predefined surface antigens with high specificity and in a non-MHC-restricted manner. We show here the therapeutic efficacy of human lymphocytes bearing erbB2-specific chimeric receptors on human prostate cancer BM lesions in a SCID mouse model after conditioning of the recipient to allow homing and persistent functioning of the adoptively transferred cells. Induction of stromal cell-derived factor-1 production within the BM using low-dose irradiation or cyclophosphamide combined with IL-2 administration enhanced the homing of systemically delivered T bodies, resulting in decreased tumor growth and prostate-specific antigen secretion, prolongation of survival, and even cure of the treated mice. These preclinical studies strongly support the idea that the T body approach has therapeutic potential in disseminated prostate cancer.
Introduction
Prostate cancer (PC) is the most commonly diagnosed malignancy and the second leading cause of cancer death in American men (1) . Bone is the most common metastatic site for PC (2) , and bone metastases are responsible for the majority of metastatic PC morbidity. Bone metastases are detected in more than 70% of patients who die of PC (3) . Patients with metastatic PC have a median survival of only 30 months (4). After hormonal ablation therapy, currently the first standard treatment of these patients, a refractory state of hormone-independent disease usually develops within 12-18 months, after which approximately half of the patients die of disease progression within 6 months. Therefore, there is a great need to extend the repertoire of available therapeutic modalities against disseminated PC. The "T body" approach, in which effector lymphocytes are redirected with chimeric receptors with antibody specificity, has been suggested to hold promise for the adoptive immunotherapy of cancer (5) (6) (7) . Recently, we demonstrated that human lymphocytes expressing chimeric receptors (CRs) (dubbed T bodies) specific for erbB2 can be directly applied to locally confined, well established PC xenografts, resulting in retardation of tumor growth, decrease in prostate-specific antigen (PSA) secretion, and prolongation of survival in the treated animals (8) .
Optimization of the T body approach for systemic therapy of advanced PC, however, must overcome several drawbacks before it can be applied clinically. One of the major limitations in the adoptive transfer of immune cells is the lack of specific trafficking of the genetically engineered T cells to sites of disseminated tumor. Trafficking of T cells to these sites is a complex multistage process involving rolling and arrest at specific sites along the endothelium, followed by extravasation and penetration of the target tissue. A cardinal step in these processes is mediated by the interaction between tissue-secreted chemokines and their corresponding receptors on the membranes of the T cells (9) . Although tumor cells can secrete chemokines, site-specific trafficking of T cells does not generally occur in situations in which the T cells do not express the appropriate surface receptors for such chemokines (10) .
Recently, Brentjens et al. (11) eradicated systemic B cell tumors in a mouse model using genetically targeted human T lymphocytes. In that system, human PBLs that were transduced with an anti-CD19-specific CR and then were activated and propagated in the presence of CD19 + CD80 + "artificial" antigen-presenting cells and IL-15 persisted in vivo and maintained their function for enough time to eliminate their distant tumor target.
Here we adopted lessons learned from human hematopoietic stem cell transplantation in order to attract T bodies to PC bone lesions in SCID mice. Our approach was based on the previous demonstration that human hematopoietic cells home and accumulate rapidly in the BM of SCID mice previously conditioned with total body irradiation (TBI) (12) (13) (14) or cyclophosphamide, treatments that increase stromal cell-derived factor-1 (SDF-1) expression in the BM (15) . SDF-1, a member of the CXC subfamily of chemokines, is a potent chemoattractive factor for T and pre-B lymphocytes (16) that express the SDF-1 receptor CXCR4 (17) . SDF-1 affects T cell rolling and the strength of T cell adhesion to activated endothelial cells (18) as well as the costimulation of CD4 + T cell activation (19) .
Thus, we hypothesized that an increase in the concentration of SDF-1 within the microenvironment of the BM stroma, where PC bone metastases reside, would increase the homing and retention of systemically administered T bodies. Accordingly, we established an in vivo experimental system to extend the therapeutic scope of T bodies to metastatic cancer. We demonstrate here that treatments that induce SDF-1 expression in the BM enhance the homing of erbB2-specific human T bodies, resulting in the inhibition of advanced PC progression and even cure.
Results

Improving the migration of ex vivo-manipulated lymphocytes.
We studied the ability of human T bodies to cure PC bone metastasis using an experimental, preclinical system in SCID mice bearing established human PC xenografts in the murine femur ( Figure 1 ). These mice were systemically administered with either therapeutic (erbB2-specific) or control (2,4,6-trinitrophenol-specific [TNP-specific]) human T bodies. However, our first attempts to eliminate such bone metastasis failed, and we found almost no effect produced by the erbB2-specific T cells (data not shown). Because the same erbB2-specific T bodies were previously found to be very effective in the elimination of the same subcutaneous PC xenografts after their intratumoral administration (8) , we suspected that the T bodies, after their i.v. administration, failed to reach (in sufficient quantities) and efficiently reject the bone tumors. The in vitro conditions used for activation of the human T cells and their culture in IL-2, which are required for retroviral transduction and proliferation (20) , have been demonstrated to downregulate the surface expression of several molecules that are involved in the migration of lymphocytes, including CXCR4 (17, 21) . We therefore studied whether increasing the levels of SDF-1, the CXCR4 ligand, might enhance the migration of T bodies to the BM and thereby eliminate bone tumors expressing the corresponding target antigen. Although the T bodies are of human origin and the SDF-1 is produced by the SCID mouse, there is almost complete identity and cross-reactivity between the SDF-1 molecules of these 2 species (22, 23) . Because SDF-1 is produced in response to tissue damage as part of the regenerative process (15), we tested the effects of treatments known to elevate its concentration in the bone, such as TBI and cyclophosphamide (15) . Figure 2A shows that sublethal irradiation with a dose of 2 Gy resulted in an increase in SDF-1 expression in SCID BM. Cyclophosphamide (200 mg/kg, i.p.) also induced increasing levels of SDF-1 mRNA expression in the BM (Figure 2A ). Accordingly, 2 Gy TBI or 200 mg/kg cyclophosphamide was used to precondition the mice before the systemic administration of CR-bearing human lymphocytes. Indeed, these engineered lymphocytes repopulated the murine BM to a greater extent after this conditioning protocol. The level of human T body migration to murine BM peaked within 12-24 hours of TBI ( Figure 2B ). Similar results were obtained with a single low dose of cyclophosphamide (data not shown).
To test whether the enhanced migration of the engineered T cells to the BM was due to the production of SDF-1 after preconditioning with low-dose TBI or cyclophosphamide, we treated the T bodies with anti-CXCR4 or control antibodies, including a mAb spe- (A) Twenty-four hours after the treatments, mRNA was prepared and subjected to RT-PCR. Cycloph, cyclophosphamide; mSDF-1α, mouse SDF-1α; normal, untreated mouse. H2O was used as a negative control. (B) Kinetics of the migration of human T bodies to the BM after their i.v. injection into treated mice. The number of T bodies reaching the BM (events) was determined by FACS analysis gating on GFP (n = 3 mice per group; experiment was repeated at least twice). The number of T bodies that accumulated in the BM is significantly larger in irradiated than in nonirradiated recipients at 6 and 12 hours (P = 0.054 and P = 0.011, respectively).
cific to the human transferrin receptor (TfR) (which is expressed on the lymphocyte surface and is of the same isotype as the mAb against CXCR4). The results depicted in Figure 3 show that the anti-CXCR4 partially yet significantly (P = 0.003, compared with anti-TfR) inhibited the specific in vivo migration of the T bodies. Similar results were obtained in a transwell migration assay, in which the migration of CR-bearing lymphocytes was specifically inhibited only by anti-CXCR4 ( Figure 4) .
The therapeutic effect of systemically administered T bodies on PC BM lesions. After we established protocols for improving the trafficking to the bone of ex vivo-manipulated human lymphocytes within SCID mice, we tested the therapeutic efficacy of the erbB2-specific human lymphocytes. The results of systemic administration of T bodies into SCID mice bearing established intrafemoral PC (WISH-PC14) xenografts are shown in . In this set of experiments, mice were either irradiated (2 Gy TBI) or left nonirradiated 24 hours before i.v. administration of erbB2-or TNP-specific human T bodies or medium alone. As demonstrated by all 3 endpoints, serum PSA ( Figure 5 ), bone radiography ( Figure 6 ), and animal survival ( Figure 7 ), a specific anti-tumor effect was achieved only in the group treated with anti-erbB2 CR-bearing lymphocytes in mice that were preconditioned with low-dose TBI. There was no significant statistical difference between the groups of nonirradiated mice ( Figure 5A ); however, for the irradiated mice, the difference between the group treated with erbB2-specific T bodies and either the group treated with TNP-specific T bodies or the nontreated group (given medium alone; Figure 5B ) was significant (P = 0.0145 or P = 0.0455, respectively). No therapeutic effect was induced by irrelevant T bodies (TNP-specific) or in nonirradiated mice. Sublethal TBI only slightly decreased the rate of WISH-PC14 xenograft growth in the BM (as evident by comparison of the growth of control [medium-treated] xenografts in nonirradiated versus irradiated mice).
To test if this approach was also effective when the tumor-bearing mice were preconditioned with cyclophosphamide instead of irradiation, and also to test these effects on another tumor xenograft, we used LuCaP 35, an androgen-independent and erbB2-expressing PC xenograft. In this xenograft model, a weak yet significant (P = 0.037) decrease in tumor growth (as evidenced by PSA secretion) was seen only during the first month of the experiment in the preirradiated group treated with erbB2-specific T bodies (Figure 8 ). However, pretreatment with cyclophosphamide ( Figure 9 ) caused a more pronounced and persistent therapeutic effect of the erbB2-specific T bodies compared with that of control cells of irrelevant (TNP) specificity (P = 0.011). In addition, 35% (4 of 11) of mice in the group treated with
Figure 3
Migration of T bodies to the BM of preconditioned mice is mediated in part by CXCR4. SCID mice (n = 3 mice per group) were irradiated with 2 Gy TBI or were injected with 200 mg/kg cyclophosphamide, 24 hours before i.v. administration of erbB2-specific CR-bearing lymphocytes. T bodies were preincubated for 30 minutes on ice with mAb against CXCR4 (αCXCR4), irrelevant control mAb against human TfR (αTfR), or no antibody (none) and then were injected systemically into the mice. After 24 hours, BM was extracted and the number of human lymphocytes was measured by FACS analysis (detecting GFP-positive T bodies in the irradiation experiment and CFSE-labeled cells in the cyclophosphamide experiment). Treatment with anti-CXCR4 was significantly different from control treatment (anti-TfR) for both irradiated mice (*P = 0.003) and cyclophosphamide-treated mice (**P = 0.009) and was significantly different from no antibody treatment (P = 0.01 and P = 0.0002, respectively).
Figure 4
Transwell migration of T bodies toward recombinant human SDF-1α (rhSDF-1α) is dose dependent and is inhibited by anti-CXCR4. (A and B) Transwell migration of T bodies. (A) T bodies migrate toward increasing concentrations of rhSDF-1α. (B) T bodies were preincubated for 30 minutes on ice with anti-CXCR4 or anti-TfR prior to migration for 1 hour toward medium containing rhSDF-1α (150 ng/ml) or medium alone. Anti-CXCR4 significantly inhibited migration compared with anti-TfR or no treatment (*P = 0.016 and *P = 0.019, respectively). the erB2-specific T bodies maintained low serum levels of PSA (<5 ng/ml) for as long as 2 months after treatment.
Discussion
The development of genetically modified T cells expressing chimeric receptors specific to preselected tumor antigens has overcome several critical obstacles to adoptive cellular immunotherapy. Clinically relevant amounts of tumor-specific, autologous lymphocytes bearing CRs of various subtypes can now be produced (8, 11, 20) . These cells, which are specific to the same non-MHC and restricted antigen, are capable of working in concert upon stimulation by their predefined target. A large repertoire of CRs that can selectively recognize different tumor-associated antigens has been constructed (10, (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) and in practice one can attack a given tumor with a panel of T bodies including several different specificities and CR designs. This arsenal should offer a workable solution to one of the major drawbacks of cancer immunotherapy: the regrowth of escape variants as a result of selective immunological pressure (7, 40, 41) . Likewise, tripartite CRs, such as those used in these studies, which have additional costimulatory functions such as CD28 and 4-1BB (20, 42, 43) , which confer on the programmed T cells the desired features to offset the anergy and apoptotic signals often noted in tumor-bearing hosts (7) .
One of the obstacles in the clinical application of T bodies that has been observed in both preclinical models and initial clinical trials is the inefficient homing of the ex vivo-manipulated T bodies to their tumor targets. Apparently, PBL-derived gene-modified T cells, after their activation, transduction, and prolonged propagation ex vivo, alter their homing properties and do not reach sites of disseminated disease in effective amounts, thereby failing to persistently maintain their effector function. This pattern is general and unrelated to CR expression, since non-gene-modified tumorinfiltrating lymphocytes (TILs) also repeatedly failed in clinical trials to demonstrate persistent and functional engraftment in patients in the absence of cytoablative treatment (44) (45) (46) . One manifestation of this problem is the entrapment of systemically administered ex vivo-manipulated lymphocytes in the lungs of experimental animals (47) . In attempt to overcome this major limitation, and in order to optimize the T body approach for systemic treatment of disseminated cancer, we have shown here that preconditioning of the recipient with low-dose TBI or cyclophosphamide improves the therapeutic outcome produced by adoptively transferred T bodies. Our data suggest that SDF-1-CXCR4 interactions
Figure 5
The effect of systemic treatment with erbB2-specific T bodies on WISH-PC14 BM lesions is dependent on the preirradiation of mice. (A and B) SCID mice bearing an established intraosseous WISH-PC14 xenograft either were not preconditioned (A) or were preconditioned with 2 Gy TBI (B) 24 hours before i.v. administration of erbB2-or TNP-specific CR-bearing lymphocytes or medium (n = 10 mice per group). PSA levels in the mouse sera were determined. Squares, circles, and triangles represent medium, TNP-, and erbB2-specific CRbearing lymphocytes, respectively, injected into recipient SCID mice.
Figure 6
Radiography of BM lesions after treatment. Radiographic analysis of mice 5 weeks after treatment. While tumor is noted in the irradiated and nonirradiated control groups of mice as well as in the nonirradiated animals treated with erbB2-specific T bodies, in the irradiated animals treated with erbB2 CR-bearing lymphocytes, no radiographic signs of tumor are evident 5 weeks after preirradiation and treatment with erbB2-specific T bodies.
are involved in at least part of the effect. It is well documented that tissue-impairing agents (such as cyclophosphamide or TBI) induce the production and secretion of SDF-1 as part of the tissueregenerative process (15) . SDF-1 is known to be a powerful mediator of the chemokinesis and chemotaxis of CXCR4-expressing hematopoietic stem cells (14, 23) as well as of mature lymphocytes such as NK and T cells (17, 21, 48 ). As a model for an advanced and incurable tumor target suitable for T body immunotherapy, we have chosen to study PC bone metastasis. The BM is the principal site for the PC metastasis responsible for the vast morbidity and mortality from this disease. Of the several PC-associated antigens expressed on the cell surface (49-52), we elected to target erbB2, as it is overexpressed on up to 80% of metastatic PCs and its expression increases as androgen dependence decreases (53) (54) (55) . Furthermore, erbB2 expression was suggested to be associated with the progression of PC (54, 55) . The two xenografts that we used in this preclinical study, WISH-PC14 (8) and LuCaP 35 (56) , represent an aggressive phenotype of prostatic adenocarcinoma; WISH-PC14 is radiation resistant (data not shown), and LuCaP 35, which was established from a metastatic lymph node, grows independently of androgens (56) and is radiation resistant as well. Neither of these xenografts spontaneously metastasizes to the bone in SCID mice, yet they form typical PC bone lesions upon their injection into mouse BM (shown here for WISH-PC14 in Figure 1 ). The combined approach of recipient preconditioning plus adoptive transfer of tumor-specific T bodies was demonstrated to be effective for both PC xenografts (Figures 5-9 ).
Of the 2 pretreatments, cyclophosphamide was more effective in creating the proper conditions to enable the CR-bearing lymphocytes to exert their therapeutic effect in SCID mice. After low-dose cyclophosphamide treatment, a larger number of cells migrated to the BM (Figures 2 and 3) . One explanation is that the 2 processes are interrelated; i.e., under the experimental conditions, cyclophosphamide induced more SDF-1 production in the BM, which attracted to the site more therapeutic T bodies. At the concentrations used, murine lymphocyte subpopulations differ in their response to cyclophosphamide. While effector and helper T cells are resistant, suppressor (or regulatory) T cells are sensitive (57) . Yet in the immune-deficient SCID mouse, such an effect, as well as an effect on lymphocytes homeostasis, is expected to be negligible.
Similar observations were made in a transgenic mouse model of a pancreatic islet cell tumor, in which higher doses of irradiation conditioned the tumor microenvironment by increasing the expression of adhesion molecules, cytokines, and chemokines (58) . The authors suggested that radiation-induced changes to the endothelium reverse its nonadhesive phenotype and thus directly facilitate leukocyte-endothelium interactions. In this setting, combined irradiation/adoptive transfer induced the enhanced expression of IFN-γ, TNF-α, and the angiostatic chemokines Mig and IP10. The fact that we used an immunodeficient host does not negate the possibility that such proinflammatory mechanisms are involved in our model as well. Indeed, Ganss et al. (58) showed that irradiation alone induced proinflammatory events, which did not reach a critical threshold required to activate the endogenous immunity after BM reconstitution, and that tumor rejection occurred only after subsequent infusion of activated effector cells. We believe that in normal, immunocompetent subjects, the overall effect of lymphoablative pretreatments, such as those used here, is complex and includes perturbation of the homeostasis to allow the grafting of exogenous lymphocytes, elimination of suppressor cells, and induction of an inflammatory milieu, which includes chemokines that attract T lymphocytes.
Based on the fact that anti-CXCR4 partially blocked T body migration to the BM (Figure 3 ) (as well as the migration of T bodies across an SDF-1 gradient in the transwell experiments; see Figure 4 ), and that both irradiation and cyclophosphamide increased SDF-1 expression, we believe that at least part of the therapeutic effect involves the CXCR4-SDF-1 interaction. SDF-1 plays a critical role not only in attracting hematopoietic progenitors into the BM (12-14, 18, 23) but also in the migration of NK and NKT cells into the BM compartment (17) . Moreover, several studies reported the activation of T cells by SDF-1: it serves as costimulatory factor for CD4 + T cell activation (19) , and its secretion at the tumor site (BM in this case) enhances the development of a long-lived, tumor-specific cytotoxic T lymphocyte response (59) , resulting in rejection of tumors. Recently, it was demonstrated by Dudley et al. that nonmyeloablative conditioning of metastatic melanoma patients with cyclophosphamide and fludarabine, before the adoptive transfer of tumor-reactive T cells, is essential for the persistent repopulation of clones of functional lymphocytes and for their trafficking to metastatic sites. The use of this protocol led to complete tumor regression in a significant number of patients (60) . Although the mechanism was not determined in that study, we suggest that an increase in SDF-1 expression was induced in those patients in a manner similar to that demonstrated here in SCID mice.
A theoretical concern regarding the intentional induction of SDF-1 in cancer patients is the potential to also elicit unwanted migration to the bone of cancer cells overexpressing CXCR4 (61) . Although most cell lines derived from common solid human tumors do not express CXCR4 (62), involvement of the CXCR4-SDF-1 axis in the metastasis of breast cancer was recently reported (63) . The mechanism of action of SDF-1 in the promotion of metastasis is complex. In a breast cancer model (63) , anti-CXCR4 reduced metastasis by inhibiting the CXCR4-mediated enhancement of cancer cell invasion to the tissue. Similarly, in rhabdomyosarcoma (62) it was demonstrated that the effect of SDF-1 involved mainly cell interactions with the microenvironment and their migration rather than cell proliferation and survival. However, in a human colon cancer xenograft model (64) , it was demonstrated that the activation of CXCR4 does not play an important role in invasion but instead is responsible for the outgrowth of micrometastasis.
Taken together, our results suggest that tumor-specific T bodies are attracted by SDF-1 to migrate to the BM, where they eradicate tumor cells. In patients, SDF-1 may be responsible for only part of the effect; nevertheless, our results and the recently published clinical study using TILs for melanoma immunotherapy (60) strongly justify the preconditioning of cancer patients with nontoxic, lowdose irradiation or cyclophosphamide and fludarabine prior to the adoptive transfer of tumor-specific T cells.
Methods
Mice. All animal experiments were approved by the Weizmann Institute Animal Care and Use Committee. Male mice (CB.17-SCID BEIGE; Charles River) 7-10 weeks old were maintained at the Specific Pathogen Free (SPF) animal facility at the Weizmann Institute of Science.
Tumor models. As model PC BM lesions, we used the WISH-PC14 xenograft (8) that we previously established from a late recurrent primary tumor after definitive radiation therapy and the LuCaP 35 xenograft (a kind gift from R.L. Vessella, University of Washington School of Medicine, Seattle, Washington, USA) (56, 65) . Both lines overexpress erbB2, secrete PSA into the host blood, are radiation resistant, and induce osteolytic and osteoblastic responses (ref. 65 and Figure 1 ). For tumor induction, 1 × 10 6 tumor cells were inoculated directly into the femur by a transtrochanteric route. This surgical procedure and the i.p. mini-osmotic pump implantation that required laparotomy were performed in mice sedated by general anesthesia with ketamine plus xylazine (127.5 and 4.5 mg/kg, respectively). In the case of WISH-PC14, SCID mice were transplanted s.c. with 90-day slow-release testosterone pellets (12.5 mg/pellet; Innovative Research of America) before tumor administration.
Antibodies. The N29 mAb against ErbB2 was used as a source of the scFv, single-chain variable region (scFv) for construction of the CR (66) . Rabbit anti-N29 idiotype and mouse mAb against human TfR (clone V1-10) were prepared in our laboratory. SP6 scFv (20) (with anti-TNP specificity) was used as a control. The 12G5 mAb against human CXCR4 (R&D Systems Inc.) was used as indicated in Figures 3 and 4 .
CR genes and their expression in human lymphocytes. The CR genes used in this study were of the tripartite configuration in which the scFv was linked through the CD28 extracellular domain (from which the ligand-binding region was truncated) to the intracellular part of the FcRIγ chain (20) . CRs derived from 2 scFvs were used in this study: an erbB2-specific receptor derived from the N29 mAb and, as a control, a TNP-specific one made from the Sp6 mAb. The CR cDNA construct was cloned into the pBullet vector followed by an internal ribosome entry site sequence and the GFP gene (20) . Transduction of PBLs from healthy donors, preactivated with mAb against CD3 plus mAb against CD28, was performed with vector-containing supernatants in the presence of IL-2 on RetroNectin (FN-Takara Shuzo Ltd.) as described previously (20) .
Treatment of PC xenografts in SCID mice. Mice bearing established tumors, with similar tumor load (as determined by serum PSA levels), were randomly assigned to different experimental groups (usually 7-10 days after tumor injection). In experiments in which continuous systemic adminis-
Figure 9
Effect of systemic therapy with erbB2-specific CR-bearing lymphocytes on the survival of mice with LuCaP-35 bone tumors. (A and B) Survival data of SCID mice bearing established LuCaP-35 bone tumors (n = 10 mice per group) systemically treated with TNP-or erbB2-specific CR-bearing lymphocytes or medium and preconditioned with 2 Gy TBI (A) or cyclophosphamide (B).
tration of IL-2 was used, Alzelt mini-osmotic pumps (Durcet Corp.) were transplanted i.p. Each pump was loaded with recombinant human IL-2 (R&D Systems Inc.) and was set to continuously release 105 units/h for 1 week. At that time, the mice were irradiated (2 Gy TBI from a cobalt source) or received cyclophosphamide (200 mg/kg i.p.) or were not preconditioned by either of those methods. After 24 hours, 5 × 10 7 CR-bearing lymphocytes (T bodies) were injected into the tail vein. As a control, medium alone (HBSS) was injected similarly to allow monitoring of the natural history of the disease under the same experimental conditions. Follow-up included periodic serum PSA determination, serial X-ray documentation of the bone lesions, and monitoring of the survival of the animals. Mice with a high tumor burden were euthanised.
Semiquantitative RT-PCR. Total RNA was isolated from mouse BM using the TRI Reagent kit (Molecular Research Center Inc.) according to the manufacturer's protocol. Each RNA sample (1 μg) was subjected to cDNA synthesis for 1 hour at 42°C using the Reverse Transcription System kit (Promega Corp.). PCR was performed in 50-μl reaction mixture containing 5 μl of cDNA, 1 μl of dNTP mixture (10 mM; Promega Corp.), primers for mouse SDF-1α (5′-GGACGCCAAGGTCGTCGCCGTG-3′ and 3′-TTGCATCTCCCACGGATGTCAG-5′; 335 bp), 5 μl of 10× NH4 buffer, 1.5 μl of the 50-mM MgCl2 solution, and 5 units/reaction sample of BIOTAQ DNA polymerase (UK Bioline Ltd.). The quality of all cDNA samples was confirmed by PCR using primers for mouse β-actin (5′-TCCT-GTGGCATCCATGAAACTACATTCAATTCC-3′ and 3′-GTGAAAACG-CAGCTCAGTAACAGTCCGCCTAG-5′; 347 bp). Semiquantitative analysis of mSDF-1α expression was accomplished with 25 cycles of PCR at an annealing temperature of 65°C for 45 seconds.
FACS analysis. Specific homing to the BM was evaluated by FACS analysis of BM-derived cells by gating on green fluorescence emitted from the GFP-positive CR-bearing human lymphocytes. To avoid bias derived from the effect of TBI or cyclophosphamide, which decreases the number of murine cells and thereby increases the percentage of the transduced lymphocytes, we adjusted all BM cell preparations to the same volume, and the number of the human cells (gated by GFP expression) counted during a fixed time period.
Homing assay. For analysis of homing, 5 × 10 7 human T bodies were injected i.v. into mice 24 hours after TBI or cyclophospamide treatment, with or without a continuous supply of IL-2. Where indicated (see Figure 3 ), cells were incubated for 30 minutes at 4°C with mAb against human CXCR4 or with control mAb against human TfR (3 μg/10 6 cells) and then were injected i.v. without removal of the antibodies. Mice were sacrificed at different time points, and BM cells were recovered and analyzed by FACS for the presence of human cells as detailed above. Cells obtained from the BM of untreated mice served as controls.
CFSE labeling of T bodies.
T bodies were labeled with the intracellular fluorescent dye CFSE (C-1157; Molecular Probes) by incubation for 8 minutes at room temperature in the absence of serum at a density of 10 7 cells/ml in 5 μM CFSE. CFSE loading was stopped by the addition of an equal volume of cold FCS. Cells were washed twice in complete RPMI medium (67) .
In vitro migration assay. Chemotaxis experiments with CR-transduced lymphocytes used Costar Transwells (6.5-mm diameter and 5-mm pore size; Corning Costar) as described (15) . Chemotaxis buffer (RPMI 1640 medium and 1% FCS) containing 2 × 10 5 cells in a volume of 0.1 ml was added to the upper chamber and 0.6 ml of chemotaxis buffer with or without SDF-1 (R&D Systems Inc.) at the indicated concentrations (see Figure 4) was added to the bottom chamber. Cells migrating within 1 hour to the bottom chamber of the transwell were counted under a microscope. Preincubation with antibodies was done as described for the homing assay.
Serum PSA determination. PSA levels in mouse serum were determined using two chemiluminescent immunometric assays (Immulite; Diagnostic Products Corp.): the third-generation PSA kit (LKUP1), with a sensitivity of 0.003 ng/ml, or the LKPS1 PSA kit, with a sensitivity of 0.03 ng/ml.
Statistical analysis. Statistical analysis was performed using JMP statistical software (SAS Institute Inc.). Serum PSA level data were analyzed by Dunnett's test, which determines the significance of the effect of the different treatments. The therapeutic effect was further verified using the Fit model to test the effect of the different treatments during the experimental period. Where indicated, comparisons between 2 different individual treatments were performed using a 1-way ANOVA test (8) . Survival experiments were analyzed using the Cox-Mantel Rank test.
